A cis-acting genetic element, designated Gus-r, regulates the androgen-induced rates of murine glucuronidase (EC 3.2.1.31) synthesis in kidney tubule cells and is tightly linked to the glucuronidase structural gene, Gus-s. To investigate the molecular mechanism underlying this regulation, we have cloned a glucuronidase-specific cDNA sequence in plasmid pBR322. This cloned DNA has been utilized as a probe in blot hybridization analyses to determine whether the control of androgen responsiveness of kidney glucuronidase synthesis by Gus-r is exerted over the level or the translatability-of glucuronidase mRNA. Three important observations emerged from these studies: (i) glucuronidase mRNA exists as a single size class of approximately 2,800 nucleotides; (ii) androgen stimulation of glucuronidase synthesis is directly related to the level of glucuronidase mRNA; and (iii) strain differences in levels of kidney glucuronidase mRNA accumulated in response to androgen are controlled by alleles of Gus-r. Thus, Gus-r regulates the androgen responsiveness of glucuronidase synthesis by controlling the amount of glucuronidase mRNA available for translation and is a cis-acting genetic element that regulates the hormonal responsiveness of a specific mRNA.
Recombinant DNA technology has become a significant tool for attempting to understand the structure and expression of genes in higher organisms. Murine glucuronidase (3-D-glucuronide glucuronosohydrolase, EC 3.2.1.31) is of special interest, since several genetic elements have been described that specifically affect its expression (reviewed in ref. 1) . The glucuronidase structural gene Gus-s, located on the distal end of chromosome 5 of the mouse (2) (3) (4) (5) , encodes a 70,000-dalton polypeptide that self-associates into an enzymatically active tetrameric glycoprotein (6, 7) . Three common alleles of Gus-s (-s', _b, _Sh) specify allozymes that differ in electrophoretic mobility, heat stability, or both (4, 5, 8) . Tightly linked to Gus-s within the [Gus] complex are three elements, designated Gus-r, Gus-t, and Gusu, that regulate the rate of murine glucuronidase synthesis (4, (8) (9) (10) (11) (12) (13) . Gus-r is a cis-acting regulator of the androgen-induced rates of glucuronidase synthesis in kidney epithelial cells, with two alleles, Gus-? and Gus-rb, specifying high and low rates, respectively (4, 10, 11) . Gus-t is a trans-active regulator of the rates of glucuronidase synthesis during postnatal development in certain tissues, with two alleles, Gus-te and Gus-th1 (12) (13) (14) (15) .
Gus-u is a cs-active systemic regulator of glucuronidase synthesis in all tissues, with the Gus-ub and Gus-u" alleles specifying high and low rates, respectively (13) . Each regulatory allele appears to be associated with a specific structural allele.
Strains expressing the Gus-sb allele express the Gus-rb, Gus-te, and Gus-u' alleles and define the [Gus]' haplo e, while Gussa Gus-?, Gus-ta, and Gus-us define the [Gus] haplourpe and Gus-sh, Gus-rb, Gus-th, and Gusuh define the. [Gus] haplo-type. Further investigation of the mechanisms by which Gusr, Gus-t, and Gus-u regulate glucuronidase synthesis at the molecular level requires a complementary DNA (cDNA) probe for Gus-s. Often, the development of a probe for a specific gene is facilitated by the availability of a mRNA that represents a large fraction of the total mRNA of a particular cell type. On the other hand, it is exceedingly more difficult to obtain a cDNA probe when the mRNA product of the gene to be studied is of low abundance. Several procedures have been successfully exploited to develop cDNA probes, all of which require the cloning in plasmid vectors of double-stranded cDNAs prepared from heterogeneous populations of mRNA and then selecting that clone containing the recombinant DNA of interest. We have utilized one such procedure, hybridization-selection, to obtain a cDNA sequence complementary to the murine glucuronidase structural gene, the product of which represents up to 0.3% of total protein synthesis in kidney of androgen-stimulated animals (4). This cloned cDNA has been used as a probe in blot hybridization analyses to determine whether regulation of glucuronidase synthesis in murine kidney by androgen is exerted over the level of glucuronidase mRNA or the translatability of glucuronidase mRNA. We now describe the isolation of this cloned cDNA and the characteristics that support its identity, and we report the results of studies that employ this DNA as a probe for assessing the androgen responsiveness of glucuronidase mRNA levels in mouse kidney.
MATERIALS AND METHODS

Materials. Mice of the [Gus]A haplotype (DBA/LiHa) and
[Gus]B haplotype (C57BL/6J) were obtained from Verne Chapman (Roswell Park Memorial Institute, Buffalo,-NY) and from The Jackson Laboratory, respectively. Testosterone pellets (Oreton) were kindly provided by Schering. Avian myeloblastosis virus reverse transcriptase was a gift of J. W. Beard (Life Sciences, St. Petersburg, FL). Escherichia coli K-12 JW355 F-araD139, A(ara, leu)7697, A1acX74, galK-, galU-, recA-, rpsL-, hsdR-, kindly provided by John Williams (Pfizer, Groton, CT), was used as the recipient strain for transformation. Total murine kidney RNA from untreated female mice of the [Gus]A haplotype was kindly provided by Frank Berger (Roswell Park Memorial Institute).
Recombinant DNA was handled in accordance with National Institutes of Health guidelines.
Isolation of Mouse Kidney RNA and Enrichment for Glucuronidase mRNA Activity. Because it contains the highest levels of glucuronidase activity of any mouse tissue (4), androgenstimulated kidney was selected as the source of template RNA for production of a cDNA population with sequences comple-* To whom reprint requests should be addressed. 7596 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisenent" in accordance with 18 U.S.C. §1734 solely to indicate this fact. mentary to glucuronidase mRNA. Twenty-one days after subcutaneous implantation of testosterone pellets, total kidney RNA was isolated from female mice of the [Gus]A haplotype, by a series of extractions with guanidine-HCl and precipitations with ethanol according to the procedure of Cox (16) as modified by LaBarca and Paigen (17) .
Total kidney RNA preparations were incubated with proteinase K at 50 Ag/ml, extracted with an equal volume of phenol (Bethesda Research Laboratories) saturated with 0.2 M Tris HCl at pH 8.4, and precipitated with ethanol. The RNA precipitate was collected and resuspended in sterile water. Poly(A)+ RNA was prepared by passing total kidney RNA over oligo(dT)-cellulose. The poly(A)+ RNA was eluted with sterile water, precipitated with ethanol, collected, and resuspended in sterile water. To enrich for glucuronidase mRNA, poly(A)+ RNA was sedimented at 200,000 x g for 23 hr through a linear 10-30% (wt/vol) sucrose gradient containing 6.0 M urea, and the RNA in each fraction was assayed for glucuronidase mRNA activity as described below. Assessment of Glucuronidase mRNA Activity in RNA Preparations. Glucuronidase mRNA activity of RNA preparations was assayed by in vitro translation using the modified reticulocyte lysate system of Pelham and Jackson (18) . Assay volumes of 56 ,l contained 40 Ald of nuclease-treated lysate and 16 pl of either water or RNA in water and approximately 200 ACi (1 Ci = 3.7 X 1010 Bq) of Iyophilized [3H]leucine (approximately 160 Ci/mmol; Amersham). After incubation for 60 min at 29°C, radioactivity incorporated into acid-precipitable material was determined and radiolabeled glucuronidase was immunoprecipitated as follows: 100 activity units of partially purified mouse kidney glucuronidase, prepared by the method of Smith and Ganschow (19) , was added to the assay system as carrier (1 unit of glucuronidase activity is defined as the amount that releases 1 ,umol of p-nitrophenol from p-nitrophenyl 3glucuronide substrate per hr at 56°C). This mixture was diluted to a total volume of 2.2 ml with addition of 500 ,ul of a solution containing 0.15 M NaCl and 0.1 M Tris HCI, pH 7.5, 250 p.1 of a solution containing 5% (vol/vol) Triton X-100 and 10% -(wt/vol) sodium deoxycholic acid, and 20a 1 of bovine serum albumin at 2 mg/ml, and then clarified by centrifugation at 120,000 x g for 30 min at 4°C. Goat anti-mouse glucuronidase IgG, previously-characterized as monospecific to murine glucuronidase by several criteria (19) , was added to the supernatant. The amount of IgG added was capable of completely precipitating 1,200 units of glucuronidase activity. After incubation for 30 min at room temperature and overnight at 4°C, immunoprecipitates were collected by centrifugation at 100 X g for 20 min at 4°C and washed twice with 0.15 M NaCl.
Immunoprecipitates were analyzed for radiolabeled polypeptides by fluorography of denaturing gels prepared according to the method of Laemmli (20) . After electrophoresis, gels were prepared for fluorography with sodium salicylate (21) and exposed to preflashed Kodak XAR-5 film.
cDNA Synthesis, Addition of Homopolymeric Tails, and Formation of Recombinant Plasmids. Ethanol-precipitated RNA from those sucrose gradient fractions containing glucuronidase mRNA activity were pooled, and approximately 75 ,g of RNA was used for the synthesis of double-stranded cDNA according to the procedure of Norgard et al. (22) .
For the addition of dCTP tails to the double-stranded cDNA and dGTP tails to Pst I-linearized pBR322 and for the annealing of these to form recombinant plasmids, the methods of Villa-Komaroff et al. (23) were employed.
Transformation of E. coli JW355 and Selection of Transformants Containing a Recombinant Plasmid. E. coli JW355 cells, harvested from 1 liter of L broth, were prepared for transformation by suspension in 80.0 ml of sterile cold 0.1 M CaCl2 and incubated for 25 min at 0C. Cells were pelleted, resuspended in 10.0 ml of cold 0.1 M CaCl2 by gentle mixing for 5 hr, and stored overnight at 40C. For transformation, 0.2 ml of JW355 cells was added to approximately 0.1 gg of recombinant plasmid DNA in 0.1 ml of 0.1 M Tris HCI, pH 7.2, and incubated 15 min at 0C and then for 2 min at 450C. L broth was added to a total volume of 1.0 ml, and the mixture was incubated for 60 min at 370C and then plated (50 ,ul per plate) on L agar (2% agar in L broth) containing 20 g of soluble starch and 20 mg of tetracycline per liter (LST agar). The transformation mixture generated colonies on LST agar plates that contained either a recombinant pBR322 plasmid with a cDNA insert at the Pst I site in the ampicillin resistance gene (ampicillin-sensitive tetracycline-resistant colonies) or a nonlinearized pBR322 plasmid (ampicillin-resistant tetracycline-resistant colonies) resulting from incomplete Pst I digestion (22) (23) (24) . To distinguish the two colony types, the iodometric assay of Boyko and Ganschow (25) was utilized and the transformants containing recombinant plasmids were picked and transferred onto L agar plates supplemented with 20 mg of tetracycline per liter of L agar.
Plasmid DNA Purification. Each ampicillin-sensitive tetracycline-resistant transformant was inoculated into 5.0 ml of M9 broth supplemented with-thiamin at 1 ,g/ml, uridine at 1 mg/ml, and tetracycline at 20 ,ug/ml (M9 Tet) and grown overnight at 37°C. Pooled or individual transformants were inoculated from overnight cultures into M9 Tet broth and then amplified with chloramphenicol overnight. Plasmid DNA was isolated from each culture by the rapid boiling method of Holmes and Quigley (26) . The isopropyl alcohol precipitate obtained by this method was resuspended and clarified by microcentrifugation and the supernatant was applied to a Sephacryl S-300 (Pharmacia) column for separation of plasmid DNA from contaminating cellular RNA. DNA from this fractionation was precipitated with ethanol, resuspended in a solution containing 1 mM EDTA and 10 mM Tris HCl, pH 8.0, and digested with proteinase K as described above for total kidney RNA preparations.
Hybridization-Selection Screening of Recombinant Plasmid DNAs. Recombinant DNA preparations were screened for sequences complementary to glucuronidase mRNA by the method of Parnes et al. (27) . In order to decrease the likelihood of RNase contamination in this procedure, all glassware and metalware were baked at 200°C overnight and all solutions were treated with 0.001 vol of diethyl pyrocarbonate for 2 hr and autoclaved. Fifty micrograms of recombinant plasmid DNAs was bound to 25-mm nitrocellulose filters, and several 6.2-mm disks were prepared from each filter with a paper punching device. Disks were added to hybridization solution containing 500 ,ug of total murine kidney RNA (preincubated at 70°C with no carrier tRNA) and incubated for 4 hr at 50°C.
After elution, each RNA mixture was extracted with phenol saturated with 0.2 M Tris-HCI, pH 8.4, and the RNA was precipitated after addition of 2 vol of ethanol to the aqueous phase. The precipitate was resuspended in 16 ,ul of water, and glucuronidase mRNA activity was assayed as described above.
Electrophoresis of Total Kidney RNA in Formaldehyde Gels and Blot Hybridization Analyses. Total murine kidney RNA samples were prepared, electrophoresed, and blotted to nitrocellulose as described by Maniatis et (vol/vol) glycerol/40% (vol/ vol) formamide/20 mM Mops/0.05% bromophenol blue/0.15% xylene cyanol] was added to each RNA sample. After electrophoresis in a 1.2% agarose gel, the gel was soaked in 20X standard saline citrate (NaCI/Cit; Ix NaCI/Cit = 0.15 M NaCI/ 0.015 M sodium citrate, pH 7.7) for 30 min without prior alkaline hydrolysis, and the RNA was blotted to nitrocellulose with 20x NaCI/Cit overnight.
The baked blot was prepared for hybridization by soaking 15-20 min (with swirling) in a solution containing 50% (vol/vol) formamide, 5x NaCl/Cit, 50 mM NaPO4 at pH 7.0, and 1X Denhardt's solution (0.02% polyvinylpyrrolidone/0.'02% Ficoll type 400/0.02% bovine serum albumin).
Prehybridization and hybridization conditions were those described by Thomas (29) with the following modifications. Prehybridization buffer consisted of 40% (vol/vol) formamide, 4X NaCI/Cit, 40 mM NaPO4 at pH 7.0, 2.5X Denhardt's solution, salmon sperm DNA (sonicated and denatured) at 100 pug/ml, and 0.1% NaDodSO4. RNA blots were prehybridized overnight at 41'C. For the hybridization, fresh prehybridization buffer was made 10% in dextran sulfate by the addition of a 50% (wt/vol) stock solution.. Radioactive probe (specific activity in excess of 5 x 108 cpm/,ug), prepared as described by Maniatis (3, 000 Ci/mmol; New England Nuclear), was heated, quickcooled, and added to-the hybridization mixture, and the RNA blots were hybridized for 20 hr at 41'C.
After hybridization, blots were immediately washed and exposed to preflashed Kodak XAR-5 film for autoradiography as described by Thomas (29) . Additional washing in a solution of 0.1 X NaCI/Cit and 0.1% NaDodSO4 at 550C removed excess background radioactivity from the blot.
RESULTS AND DISCUSSION
Glucuronidase mRNA Activity Assay. Analyses of the genetic control of murine glucuronidase at the molecular level require a nucleic acid probe that recognizes sequences specific to the glucuronidase structural gene, Gus-s. Our approach to producing this probe involved constructing a large recombinant cDNA library and screening this library for recombinant DNAs capable of specific hybridization with glucuronidase mRNA. To detect such hybridization requires the availability of a specific assay for glucuronidase mRNA activity.
We have developed an assay system for glucuronidase mRNA activity that utilizes reticulocyte lysates to translate mRNAs and anti-glucuronidase IgG to detect glucuronidase synthesis. A major radioactive polypeptide is observed after electrophoresis of glucuronidase immunoprecipitates prepared from a system programmed with kidney RNA from androgen-stimulated mice of the [Gus]A haplotype (Fig. 1, lane E) . However, as shown in Fig. 1 , lane F, this polypeptide is not detected in glucuronidase immunoprecipitates prepared after incubation of the system with total kidney RNA from untreated female mice, even though the levels and gel patterns of incorporation of radioactivity into total protein are similar to those programmed by kidney RNA from androgen-stimulated mice (data not shown). Thus, like glucuronidase, this polypeptide is under androgen control. Moreover, the relative levels of this polypeptide programmed by total kidney RNA from both [Gus]A and [Gus]' during androgen stimulation parallel the relative rates of kidney glucuronidase synthesis in the same animals during androgen stimulation (results not shown). This polypeptide migrates slightly faster than carrier glucuronidase, an observation that was predicted since authentic .w 2. (6) and the translation system is not capable of glycosylating polypeptides. Two minor radioactive polypeptides migrating ahead of glucuronidase (Fig. 1 , all lanes) are either nonspecifically adsorbed or trapped during immunoprecipitation and appear to be programmed by RNA endogenous to the reticulocyte lysate (Fig. 1, lane G) . On the basis of size, immunochemical specificity, androgen responsiveness, and genetic control of androgen responsiveness, we conclude that the major radioactive polypeptide observed in Fig. 1 , lane E, is the unglycosylated glucuronidase polypeptide.
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Construction and Screening of a cDNA Library. sucrose gradient fraction of total kidney RNA from [Gus]A mice was utilized as template for cDNA synthesis. RNA from this fraction programs about 0.7% of the total incorporated radioactivity into immunoprecipitable glucuronidase in the translational system. Double-stranded cDNA synthesized from the size-selected RNA was oligo(dC)-tailed, inserted into Pst I-linearized, oligo(dG)-tailed pBR322, and used to transform E. coli. Approximately 10,000 transformed colonies were generated, 2,600 of which were assessed to contain recombinant plasmids. Pooled recombinant plasmid DNAs were screened for their ability to hybridize a component of total kidney RNA that exhibits glucuronidase mRNA activity. Of 80 12-clone pools tested, DNA from two hybridized a RNA with glucuronidase mRNA activity (data not shown). When DNA from each member of one of the positive pools was tested, only one hybridized glucuronidase mRNA activity (Fig. 1, lane A) . We have designated this DNA as pGUS-1. (The other positive 12-clone pool was not tested further.) Identity of pGUS-l. Paigen et al. (10) and Watson et al. (11) demonstrated that both androgen stimulation of glucuronidase synthetic rates in murine kidney and the genetic control of this stimulation are. a function of changes in the level of glucuronidase. mRNA activity as determined in a Xenopus oocyte translation system. Assays of glucuronidase mRNA activity in our laboratory using the reticulocyte lysate assay system have confirmed these findings (unpublished data). The ability of plas-mid DNA from pGUS-1 to hybridize glucuronidase mRNA activity from kidney RNA preparations in which the levels of glucuronidase mRNA activity vary as a function of previously established genetic and hormonal differences was determined. The results, shown in Fig. 2A , reveal that hybridized glucuronidase message activity increases in kidney during androgen stimulation of mice and that the extent of this increase is greater in [Gus] ' mice than in [Gus]' mice. Densitometric analyses performed on the fluorogram shown in Fig. 2A reveal that in both haplotypes the levels of glucuronidase mRNA hybridized to pGUS-1 parallel the relative rates of kidney glucuronidase synthesis during androgen administration (Fig. 2B) .
Thus, the relative glucuronidase mRNA activity levels hybridized by pGUS-1 parallel those detected in total murine kidney RNA preparations as a function of both genetic and hormonal differences. This correspondence, together with the size and immunochemical specificity of the polypeptide pro- 16 20 Androgen treatment, days FIG. 3. Blot hybridization analyses of total murine kidney RNAs probed with pGUS-1. Twenty micrograms ofeach RNA preparation described in Fig. 2 was electrophoresed, blotted to nitrocellulose, and hybridized to radiolabeled pGUS-1 DNA. An autoradiogram of this blot is shown in A. The arrow indicates hybridized pGUS-1. The locations of28S and 18SrRNAs were determined bymethyleneblue stainingand are indicated by numbers 1 and 2, respectively. Each lane of the autoradiogram in A was scanned densitometrically and the area of the peak corresponding to hybridized pGUS-1 was determined by integration. These values are plotted inB as relative mRNA levels (open symbols). Values for the relative rates of kidney glucuronidase synthesis were determined as in Fig. 2 Fig. 3A , reveal that a single RNA component of approximately 2,800 nucleotides hybridizes to pGUS-1 in each RNA preparation. The level of this component increases during androgen induction and the extent of this increase is substantially greater in RNA prepared from [Gus]A mice than from [Gus]B mice. Densitometric analyses performed on the autoradiogram shown in Fig. 3A reveal that the relative amounts of this component closely parallel the relative rates of glucuronidase synthesis (and therefore glucuronidase mRNA activity) in kidney during androgen stimulation in mice of both A and B haplotypes (Fig. 3B ). These results argue strongly that this component is indeed glucuronidase mRNA. Furthermore, our results demonstrate three important characteristics of the putative glucuronidase mRNA. First, it exists as a single size class of approximately 2,800 nucleotides, a size capable of encoding the entire amino acid sequence of the glucuronidase polypeptide. Second, androgen stimulation of glucuronidase synthesis in kidney is directly related to the level of glucuronidase mRNA. Accumulation of a specific RNA in response to hormonal stimulation has been observed for other systems such as estrogen-induced accumulation of ovalbumin mRNA in chicken oviduct (30, 31) and glucocorticoid-induced accumulation of mouse mammary tumor virus RNA in virus-infected mammary cell lines (32, 33) and may represent a general feature of steroid hormone regulation. Third, strain differences in levels of kidney glucuronidase mRNA accumulated in response to androgen in mouse kidney are controlled by alleles of Gus-r.
Thus, Gus-r regulates the androgen responsiveness of glucuronidase synthesis in kidney by controlling the amount of glucuronidase mRNA available for translation and is a cis-acting genetic element that regulates the hormonal responsiveness of a specific mRNA.
